The unprocessed precursor of the neurotrophin nerve growth factor (NGF), proNGF, has been suggested to be a death-inducing ligand for the neurotrophin receptor p75. Whether proNGF is a true pathophysiological ligand that is secreted, binds p75, and activates cell death in vivo, however, has remained unknown. Here, we report that after brain injury, proNGF was induced and secreted in an active form capable of triggering apoptosis in culture. We further demonstrate that proNGF binds p75 in vivo and that disruption of this binding results in complete rescue of injured adult corticospinal neurons. These data together suggest that proNGF binding to p75 is responsible for the death of adult corticospinal neurons after lesion, and they help to establish proNGF as the pathophysiological ligand that activates the celldeath program by means of p75 after brain injury. Interference in the binding of proNGF to p75 may provide a therapeutic approach for the treatment of disorders involving neuronal loss.
N
euronal loss is typically associated with trauma and degenerative or ischemic disorders of the nervous system. The common neurotrophin receptor, p75, has been implicated in such damage-induced death (1, 2) , but the identity of the physiological ligand has remained unclear. The precursor of the neurotrophin nerve growth factor (NGF), proNGF, was recently suggested to be such a ligand. proNGF was induced along with p75 after spinal-cord injury (3) . In addition, the recombinant, cleavage-resistant proNGF was shown to bind p75 selectively in vitro (4) , and proNGF present in the injured spinal-cord lysates induced apoptosis in culture (3) . For proNGF to be a true pathophysiological ligand for p75, however, endogenous proNGF must be secreted and then bind and activate p75 in vivo. Furthermore, if proNGF binding to p75 is responsible for cell death after injury, disruption of the interaction between proNGF and p75 may be expected to prevent the death of cells that would otherwise undergo cell death in vivo. Here, these questions were addressed by using adult corticospinal neurons (CSN), for which p75 is implicated in death after axotomy (5) .
Methods
Animals and Surgery. Experimental procedures and maintenance of animals were approved by the local Animal Care Committee (Homburg, Saar), according to the German law regulating the experimental use of animals. Male Sprague-Dawley rats, weighing 190-330 g, and p75 (6) and NGF mutant mice of both sexes at 5-9 weeks of age were used. P75 null mutants were backcrossed from a C57BL͞6 to a 129Sv genetic background for several generations until homozygous null mutants could again be obtained. NGF null mutant mice were generated by replacement of exon IV of the NGF gene by a lacZ cDNA (K.M. and M.M., unpublished data). They were kept on a mixed C57BL͞ 6-129Sv background. The procedure and stereotaxic coordinates for internal-capsule lesion, fast blue labeling of CSN, and intracortical delivery of solutions in rats have been described (7), as well as the determination of the lesion and the ''cell death areas'' (8) .
Tissue Processing. At the times indicated, animals were killed by an overdose of sodium pentobarbital and chloral hydrate and transcardially perfused with PBS, followed by 4% paraformaldehyde. The brains were processed as described (8) . For biochemical analyses, sensory motor cortices were removed quickly, frozen on dry ice, and stored at Ϫ80°C until further processing. For preparation of tissue lysates, the tissues were thawed in the lysis buffer on ice before being homogenized with Dounce homogenizer.
Application of the Antibodies to Lesioned CSN. Alzet 2001 (Alzet, Palo Alto, CA) osmotic minipumps were used to deliver either 20 mM PBS, NGF-neutralizing mouse NGF mAb, 27͞21 mAbs (0.5 mg͞ml in PBS) (9) , rabbit polyclonal proNGF-neutralizing antiserum (anti-proNGF, 1:20 in PBS) (3), protein A columnpurified IgG fraction of anti-proNGF (2.4 mg͞ml), rabbit serum (1:20 in PBS), protein A column-purified IgG from rabbit serum (2.4 mg͞ml), or mouse IgG (0.5 mg͞ml in PBS) at a rate of 1 l͞h. All solutions contained 50 units͞ml penicillin͞ streptomycin and were infused continuously over the indicated periods.
Analysis of Cell Survival. The number of surviving CSN was assessed by blinded cell counts of every second section collected for cell counts (i.e., every fourth section of the mice and every 10th section of the rat brains) (8) . The criterion for a CSN was a Tracer-filled pyramidal-shaped profile of Ͼ4 m (rats) or Ͼ3 m (mice) in diameter (8) . For the quantitative survival data, only the data from the cell-death areas (8) were used. Within the cell death area, percentage of survival is defined as number of fast blue-labeled CSN on the lesion side divided by the number of fast blue-labeled CSN in contralateral to the lesion side ϫ 100%. The total number of cells counted was Ͼ280,000 in rats and Ͼ120,000 in mice. For statistical analyses, one-way ANOVA, followed by a post hoc Newman-Keuls test, was used.
Analysis of Cerebrospinal Fluid (CSF)
. Animals were anesthetized as described (8) and the dorsal aspect of the atlanto-occipital membrane was exposed to provide access to the cerebellomedullar cisterna. A glass micropipette connected by Teflon tubing to a 200-l Hamilton syringe was used to puncture the cerebello-medullar cisterna, and the initial 100 l of the aspirated CSF was collected for Western blot analyses. We used 10 l of CSF for Western blot analyses and 30-50 l of CSF for immunoprecipitation reactions. CSF samples did not contain blood contamination.
Immunoprecipitation and Western Blot Analyses. Cortical tissues were homogenized according to Kim et al. (10) . Briefly, tissues were homogenized in a lysis buffer containing 1% Nonidet P-40, 20 mM Tris (pH 8.0) 137 mM NaCl, 0.5 mM EDTA, 10% glycerol, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 1 g͞ml aprotinin, 10 g͞ml leupeptin, 1 mM vanadate, and 1 mM phenylmethylsulfonyl fluoride. The procedures for immunodepletion and immunoprecipitation were as described (3) . For NGF Western blot analyses, 27͞21 mouse mAb (Chemicon), rabbit H-20 and M-20 polyclonal antibodies (Santa Cruz Biotechnology) were used.
Oligodendrocyte Culture and Terminal DeoxynucleotidyltransferaseMediated dUTP Nick End Labeling (TUNEL) Assay. For quantification of apoptotic rat oligodendrocytes, cells were fixed after overnight treatment with CSF from the lesioned or the control rats. The fixed cells were processed for TUNEL and immunostained with myelin basic protein as described (3).
Vascular Smooth-Muscle Culture and TUNEL Assay. P75-expressing mouse vascular smooth-muscle cells (11) were plated at 10,000 per well in media containing 0.1% serum, and the temperature was shifted to 39.5°C to induce differentiation. Purified, recombinant cleavage-resistant proNGF (4) or diluent controls were added to cultures in the presence or absence of protein A column-purified IgG from rabbit antiprodomain polyclonal antibody or comparably protein A column-purified IgG from nonimmune rabbit serum. After a 14-h incubation, cells were fixed, processed for TUNEL reaction, and counterstained with 4Ј,6-diamidino-2-phenylindole. Five fields were analyzed in a blinded manner in each of duplicate wells, and experiments were performed twice.
Results

P75 Is Induced by the Lesion and Required for the Death of Lesioned
CSN. Differentiation and survival of CSN are largely governed by neurotrophins. During embryonic development, neurotrophin 3 (NT3) promotes differentiation of cortical precursors into brainderived neurotrophic factor (BDNF)-dependent neurons in culture (12, 13) . When fully differentiated, these neurons adopt the adult phenotype and lose these trophic requirements (5, 14) . After axotomy at internal capsule levels, the survival of adult CSN is again regulated by endogenous neurotrophins, with BDNF supporting survival, whereas NT3 promotes death of BDNF-dependent CSN (5, 14) . NT3, however, appears to act by means of an indirect mechanism and not by activating its own death program. When NT3 action was neutralized, CSN no longer depended on BDNF for survival, suggesting that NT3 is required for CSN to become dependent on BDNF after the lesion.
Consistent with their responses to BDNF and NT3, CSN express TrkB and TrkC, but not TrkA (7, 14) . Of the neurotrophin receptors, p75 is the only receptor whose mRNA expression is dramatically induced in lesioned CSN, whereas Trk receptor expression remains unchanged (5, 14) . In agreement with in situ hybridization data (5), p75 protein was undetectable in the unlesioned cortex, but beginning 1 d after internal-capsule lesion, it was present in the lesioned cortex and reached highest levels by 3 d after lesion (Fig. 1a) . This peak coincides with the peak of cell death of axotomized CSN (Fig. 1b) . The p75 protein levels decreased by 14 d after lesion, the time when CSN no longer underwent cell death ( Fig. 1 a and b) .
In rats, infusion of p75-blocking antibody during week 1 after lesion prevented axotomy-induced death of CSN, suggesting that neurotrophin binding to p75 plays a role in inducing death among the lesioned CSN (5). We, therefore, investigated whether genetic depletion of p75 would similarly protect CSN from axotomy-induced death. In p75 null mutant mice, death of CSN was circumvented completely, whereas the survival of CSN in the wild-type controls remained at 68% ( Fig. 1 c and d) .
Together, these data demonstrate that CSN up-regulate p75 expression after internal-capsule lesion and that p75 is a critical factor for the death of lesioned CSN.
NGF Gene Product Is Required for the Death of Lesioned CSN. We next asked whether NGF contributes to the activation of p75 after axotomy because the effects of BDNF and NT3 on CSN-survival are mediated primarily by TrkB͞C (5). Continuous intracortical infusion of an NGF-neutralizing antibody, 27͞21 mAb, for the entire 7 d after lesion period resulted in 92% of adult-rat CSN surviving after the lesion, whereas vehicle or mouse IgG infusion resulted in only 61-66% survival (Fig. 2 a and b) . This result suggests that an NGF gene product is involved in inducing the death of CSN. As predicted from 27͞21 mAb infusion data, 87% of CSN survived axotomy in NGF heterozygous mice, whereas the survival remained at 60% in the wild-type mice (Fig. 2c) . Together, these data implicate an NGF gene product as a death-inducing ligand for the lesioned CSN.
proNGF Is Induced by CSN Lesion and Secreted in an Active Form. It has been shown that the p75 level increased among oligoden- drocytes after spinal-cord injury (3). In the same study, it was suggested that activation of p75 among oligodendrocytes is likely to be mediated by proNGF in vivo: proNGF expression was induced by the injury, and proNGF derived from the injured spinal-cord lysates induced apoptosis of cultured oligodendrocytes in a p75-dependent manner. Although these results strongly suggest that proNGF was responsible (3), a question still remained whether the apoptotic action of proNGF in the lysates was due to proNGF that was secreted or proNGF that was synthesized and remained inside the cell. Activation of p75 has been mediated predominantly by soluble ligands that bind p75 on the cell surface. proNGF was shown (15) to be secreted only in vitro.
To assess whether proNGF is produced and secreted in vivo, we collected CSF after the lesion because CSF is known to contain most molecules secreted from brain parenchyma (16) . A 26-to 28-kDa product, immunoreactive for NGF, was detected from CSF at 3 d after lesion by using two different NGF antibodies, but not by BDNF or NT3 antibodies (Fig. 3A) . The size of the NGF-reactive band indicates that the product is proNGF, as we have observed after spinal-cord injury (3) . When the cortical lysates were examined, 26-to 28-kDa immunoreactive bands for NGF were detected also in the lesioned cortex, and its expression increased over time (Fig. 3b) . NGF was not detected in unlesioned cortex. It should be noted that we detected both BDNF and NT3 reactive bands in the tissue lysates, but the levels did not change after the lesion (data not shown). This result is similar to what we have reported by using spinal-cord injury as a model, in which BDNF and NT3 levels did not change with the injury, whereas NGF level increased dramatically (3). These data are consistent also with our earlier reports in which BDNF (14, 17) and NT3 (data not shown) message levels did not change after the CSN lesion. These results strongly suggest that proNGF, but not proBDNF or proNT-3, is secreted into the CSF.
To test whether the immunoreactive band is indeed proNGF, we subjected the CSF samples to immunoprecipitation with the rabbit proNGF-specific polyclonal antibody, and then the precipitated proteins were probed by Western blot analyses using the NGF mAb, 27͞21. Although 27͞21 is less specific to NGF in Western blot analyses than rabbit H-20͞M-20 polyclonal antibody (data not shown), its use was necessary in Western blot analyses after immunoprecipitation with rabbit polyclonal antibodies because H-20͞M-20 detect the rabbit light chain of 25-26 kDa from the immunoprecipitates, obscuring the signal from proNGF. It should also be pointed out that there is no BDNF and NT3 secreted into the CSF (Fig. 3a) , and the proNGF antibody used in immunoprecipitation reactions detects only proNGF and not mature NGF or proBDNF (3), providing the specificity.
At 3 d after lesion, a substantial amount of proNGF was detected, but very little in the control CSF (Fig. 3c Left) . The resulting supernatant from the immunoprecipitation reaction with proNGF antibody did not contain the 26-to 28-kDa band, indicating that the 26-to 28-kDa band on NGF Western blotting is proNGF (Fig. 3c Right) . Together, these results suggest that proNGF is induced by internal-capsule lesion and secreted into the CSF. When CSF samples from unlesioned and lesioned animals were added to primary oligodendrocytes, the 3-d lesion CSF induced apoptosis, whereas the nonlesion CSF did not (Fig.  3d) . The apoptotic activity of the 3-d lesion CSF was blocked by proNGF antibody and not by control IgG, suggesting that the proNGF present in CSF is responsible for inducing the death of cultured oligodendrocytes. We, therefore, conclude that active, functional proNGF is induced and secreted into the CSF after cortical axotomy.
proNGF Binds p75 in Vivo, and Inhibition of proNGF Binding to p75 in Vivo Rescues CSN. Because proNGF is secreted in a functional form, we next asked whether proNGF binds p75 in vivo. For this binding, cortical lysates were subjected to immunoprecipitation with p75 antibody, and the presence or absence of proNGF was assessed by using the NGF mAb in Western blot analyses. proNGF was present in p75 immune complexes from the lysates of lesioned cortices, but not in control immunoprecipitates or in nonlesion samples (Fig. 4a) . These data suggest that proNGF binds p75 in vivo after cortical axotomy.
We then investigated whether disrupting the binding between p75 and proNGF could result in a rescue of the lesioned CSN. To disrupt the binding between p75 and proNGF, we chose to infuse the proNGF antibody intracortically at the time of lesion. This antibody, derived from the prodomain of NGF, was shown (3) to be proNGF-specific and not to deplete mature NGF. In addition, the proNGF antibody was able to attenuate in a dose-dependent manner the proNGF-mediated apoptosis in p75 ϩ vascular smooth-muscle cells, whereas comparable concentration of control IgG was not (Fig. 4b) . This bioassay was used because this cell line exhibits highly reproducible and dose-dependent responsivity to proNGF (4, 18) .
To test whether the infused proNGF antibody disrupts the binding between p75 and proNGF, we subjected the cortical lysates from rats that had been infused with proNGF antibody or the control IgG in immunoprecipitation reactions. For immunoprecipitation, we used anti-p75 or control IgG, which was followed by Western blotting with NGF antibody. Little proNGF was immunoprecipitated with the control IgG in the lesion lysates (Fig. 4c, lanes 5 and 6) or with the IgG or p75 antibody in the nonlesion lysates (Fig. 4c, lanes 1-4) . In the lysates from lesioned rats that had been infused with IgG, a significant amount of proNGF was found in complex with p75 after immunoprecipitation with p75 antibody at 3 d after lesion, (Fig.   Fig. 4 . proNGF binds p75 in vivo, and its binding to p75 is responsible for axotomy-induced death of CSN in vivo. (a) proNGF binds p75 in vivo. Cortical lysates (500 g) from unlesioned (cntr) or animals 3 d after lesioning were subjected to immunoprecipitation by using anti-p75 antibody or the control anti-IgG, followed by Western blot analyses with 27͞21 (Chemicon). (b) proNGF antibody rescues the death of vascular smooth-muscle cells in a dose-dependent manner. Purified, recombinant proNGF, or diluent controls were added at 2 or 10 ng͞ml to cultures, in the presence or absence of IgG purified from rabbit antiprodomain antibody or comparably purified nonimmune rabbit IgG. The amount of the antibodies was 40 or 100 g͞ml, respectively. After a 14-h incubation, cells were fixed, processed for TUNEL reaction, and counterstained with 4Ј,6-diamidino-2-phenylindole. Five independent fields were analyzed in a blinded manner in each of duplicate wells, and experiments were performed twice. (c) The proNGF antibody disrupts the binding between proNGF and p75. Cortical lysates (500 g) from proNGF antibody-treated or the control antibody-treated animals were subjected to immunoprecipitation with the control IgG or p75 antibodies. The resulting immunoprecipitates were analyzed by Western blot analysis with 27͞21 (Chemicon). Note that there is a significant reduction in the amount of proNGF immunoprecipitated with p75 after proNGF antibody infusion (compare lanes 7 and 8). 4c, lane 7). In contrast, in the lysates from the lesioned rats that had been infused with proNGF antibody, the amount of proNGF that immunoprecipitated with p75 was greatly reduced (Fig. 4c,  compare lanes 7 and 8) . These data suggest that infusion of proNGF antibody was effective in attenuating the proNGF binding to p75 after the lesion.
We then asked whether infusion of the proNGF antibody could rescue CSN from axotomy-induced death. Infusion with vehicle, preimmune serum, or control IgG resulted in the survival of 61-66% of CSN, whereas proNGF serum (92% survival) or the purified IgG fraction of proNGF antibody (100% survival) prevented axotomy-induced death of CSN (Fig. 4d) . Infusion of proNGF antibody at the same dose resulted in significant attenuation of proNGF binding to p75 (Fig. 4c) . Therefore, these results together indicate that proNGF binding to p75 is responsible for initiating a deathinducing signal in vivo.
Discussion
In this article, we present data establishing that proNGF is the physiological ligand for p75 under pathological conditions. proNGF was induced after axotomy on a time course similar to the time course of p75 and the subsequent death of CSN. More importantly, endogenous proNGF was secreted in a functional form that is capable of binding and activating p75, thereby inducing neuronal death in vivo. Consistent with this conclusion, disruption of the binding between endogenous proNGF and p75 resulted in complete rescue of the lesioned CSN. These data establish proNGF as a bona fide ligand for p75.
We have shown (5) that endogenous NT3 also promotes the death of BDNF-dependent CSN; neutralizing endogenous NT3 with the 12 mAb or blocking NT3 binding to TrkC with TC89 antibody rescued lesioned CSN. These data and the data presented in this article suggest that the death of lesioned CSN can result from two different mechanisms. One mechanism is to induce death by activating a proapoptotic receptor, p75; the other mechanism is to create a dependency on a survival factor that is present in a limiting amount, BDNF. Indeed, lesioned CSN do not require endogenous BDNF for survival if NT3 is neutralized simultaneously (5), suggesting that NT3 signaling by TrkC is required to maintain or to cause the initial dependency of CSN on BDNF for survival. This role of NT3 would resemble its role during development, in which NT3 promotes neuronal differentiation of cortical progenitors and their dependency on BDNF as they mature in culture (12, 13) .
We have reported also that blockade of p75 with Rex antibody rescued the survival of lesioned CSN (5) . We concluded at the time that Rex antibody most likely interfered with p75 binding to NT3 rather than NGF (5) because infusion of sheep anti-NGF-serum did not rescue lesioned CSN (S. Röhrig, M.M., K.M.G., unpublished data). The lack of a rescue when using sheep anti-NGF serum might have been due to a selective interaction of this serum with mature NGF or its insufficient neutralization of endogenous proNGF in vivo. Here, we clearly demonstrated that a NGF gene product is the responsible ligand activating p75: lesion-induced death of CSN was attenuated significantly not only in NGF heterozygotes, but also after infusion with 27͞21 mAb, better antibodies for blocking NGF binding to p75 in vivo (19) . We would also like to emphasize that our biochemical data complement our in vivo functionalblocking experiments: proNGF is induced selectively by the lesion, and interference in proNGF binding to p75 resulted in rescue of the lesioned CSN.
We demonstrated that proNGF is the predominant form of NGF present in the CSF. To our surprise, proNGF remained in an active state for an extended period (unpublished data). Because secreted proNGF can potentially target p75 ϩ cells at a distance after CNS injury, the extent of cell death may increase over time, affecting regions of the brain that were not damaged initially. P75 is expressed in the adult among Purkinje neurons in the cerebellum and among cholinergic neurons of the basal forebrain, a neuronal population damaged in Alzheimer's disease. Because proNGF can induce apoptosis of cultured SCG neurons (4) that express TrkA, such as cholinergic neurons, the secondary damage can potentially have a pervasive impact. Matrix metalloproteinase 3 and plasmin were identified as the proteinases that can cleave proNGF in vitro (4), but it is not known whether the same proteinases cleave proNGF in vivo. It should be noted that the proNGF level has been shown to increase in Alzheimer's disease (20) , whereas the plasmin level was reduced in Alzheimer's disease brain (21) . Identification of proteinases that can cleave proNGF in vivo could aid the development of a therapeutic strategy to inactivate the apoptotic proNGF.
In this study, intracortical infusion of proNGF-specific antibody resulted in complete rescue of the lesioned CSN because of the antibody interfering with the binding of proNGF to p75. These data reveal a potential target for pharmacological intervention in diseases in which neuronal death is a pathogenetic factor. When the specific binding sequences are identified, drugs may be designed to impair the interaction between p75 and proNGF specifically to prevent or reduce the rate of cell death in such diseases. Alternatively, identification of critical downstream players that mediate p75͞proNGF signals would provide additional routes for potential therapeutic intervention.
